INTRODUCTION
There is growing consensus on the role that physical and social "risk configurations" 1 or "risk environments" 2 play in perpetuating HIV risk and transmission. The social risk environment consists of multiple levels of influence, from macro-level social institutions and structures, to meso-level social networks, to micro-level individual agency. 3 Network analysis provides 1 method of examining the social environment in which risk factors interact to shape HIV transmission and behaviors.
Networks can function as pathways of disease transmission (risk networks) and channels for social influence (social networks). 4 Risk networks consist of people with whom an individual engages in HIV risk behaviors such as sex, injecting drugs, or both. The recognition that risk networks influence transmission patterns of HIV has been established since early in the epidemic. 5 Numerous studies have shown that risk connections between individuals rather than differences in individual risk behaviors alone account for observed disease transmission in people who inject drugs (PWID). [6] [7] [8] [9] Social networks consist of people who may affect an individual through social influence, social engagement and attachment, or access to resources and material goods. Social networks have been shown to affect HIV risk behaviors among PWID. 8 Injecting networks can produce strong social ties that promote mutual injecting and create norms for risky behaviors. 9 For example, PWID networks in which equipment sharing is the norm have been found to sustain sharing among its members. 10 Alternatively, networks that provide support and health information can promote risk reduction behaviors. 11 For example, health advice and financial support networks are positively associated with norms promoting condom use. 12 PWID risk networks and social networks commonly overlap, and there have been analyses examining both types of networks within the same context and population. 4 Understanding the different ways in which social and risk networks may affect HIV in a single population is of particular importance to understanding the dynamics in an emerging epidemic.
The 2011 outbreak of HIV in Greek PWID is 1 example of an emerging epidemic. Since early 2011, there has been a large increase in newly diagnosed cases of HIV among PWID in Greece. From 2000 to 2010, newly reported cases of HIV in PWID ranged between 9 and 19 cases and represented 2%-3% of all reported cases. 13, 14 In 2011, 266 HIV cases were attributed to PWID, representing 28% of all new reported HIV cases in Greece. 15 In 2012, 547 newly diagnosed cases of HIV in PWID were reported, representing 46% of the newly reported infections for that year. 16 Some studies have linked the outbreak to austerity measures, cuts in public spending, housing instability, and unemployment resulting from the political and financial crises. 15, [17] [18] [19] The goal of this analysis is to determine the potential for network-based interventions in this context by exploring how networks, including more distal networks, are associated with individual HIV seroprevalence and risk behaviors. This analysis is conducted within the unique context of an emerging epidemic.
METHODS

Setting and Study Population
Network-and respondent-level data were collected from the first round of Aristotle, a large HIV testing and linkage to care program that took place in Athens, Greece, from August to October 2012. Details of the Aristotle cohort have been described previously. 19 In brief, the sample was generated using respondent-driven sampling (RDS). 20 RDS has been widely applied to study difficult-to-reach populations including PWID, sex workers, and men who have sex with men. 21 With this approach, a small number of initial recruits or "seeds" are given coupons to recruit others from the target population, who in turn become recruiters. Individuals were eligible if they (1) presented a valid coupon, (2) had injected drugs without a prescription in the past 12 months, (3) lived in the Athens metropolitan area, (4) had not previously participated in the study, (5) were 18 years and older, (6) were able to communicate in Greek or with the help of staff, and (7) were willing and able to give informed consent.
Survey Instrument
The U.S
AU7
. National HIV Behavioral Surveillance System questionnaire 22 was adapted for PWID in Greece. The survey included items for age, sex, nationality, relationship to the person who recruited the participant, homelessness (past 12 months and current), highest level of education completed, drug injected most often, frequency of using syringes, cookers, cotton or water that someone else has used (past 12 months), frequency of using drugs that have been divided with a syringe that someone else has used (past 12 months), number of male and female sex partners (past 12 months), giving or receiving things such as money or drugs in exchange for sex (during 12 months), condom usage (past 12 months), using alcohol or drugs before or during the last time having sex, ever participating in a drug treatment program, ever participating in an opiate substitution program, ever being tested for HIV, receiving free condoms from HIV prevention activities (past 12 months), and receiving syringes from prevention activities (past 12 months).
Laboratory Testing
Microparticle EIA anti-HIV-1/2 (AxSYM HIV-1/2 gO; Abbott
AU8
) was confirmed with Western blot (MP Diagnostics).
Network Construction and Characteristics
We used the RDS recruitment chain-referral structure to generate personal networks.
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Figure 1 displays a hypothetical RDS recruitment structure used to illustrate how networks were generated from RDS linkages. To determine network effects over multiple degrees of social separation, seconddegree and third-degree networks were also constructed ( Fig. 1 , panels B and C). Studies have shown that network influences on individuals' health behavior can extend beyond the first-degree network, although influence dissipates as social separation increases. [23] [24] [25] In these analyses, an individual's second-and third-degree network consisted of all network members that were 2 and 3 distinct connections away from the index.
Analytic Plan
The primary outcome of interest was HIV serostatus. Secondary outcomes included high-frequency injecting (HFI) defined as injecting more than once per day 26 and unprotected sex (US) defined as wearing condoms only sometimes, rarely, or never. 27 Covariates of interest included network size and other characteristics of network members summarized as network proportions, that is, the proportion of a respondent's network with a given characteristic. 28 For example, if an individual has 4 network members and 3 are HIV infected, that individual's HIV-infected network proportion would be 75%. HIV network proportions were coded for these analyses into 0%, 1%-49% or $50%. These categories were chosen based on expected ease in interpretation of network proportion in the target population for future interventions (ie, would you say that over half of your social circle are HIV infected, less than half, or none?). Other covariates included various demographic, social, and behavioral characteristics of the respondents. Analyses were restricted to participants with complete data on relevant variables. The first wave (seeds) and last wave were excluded from all analyses because their networks were limited by the sampling design to only the people they recruited or the person who recruited them, respectively.
We used a series of logistic regressions to examine the relationship between each outcome and the proportion of the network with that same characteristic, controlling for the various respondent-level covariates. 29 Age and gender were included in all models, whereas other covariates were retained if their P value was ,0.10. Network variables with a P value ,0.05 were considered statistically significant. All analyses were performed using the Stata Release 13 statistical software package.
Sensitivity Analyses
One limitation of the logistic regression models is the assumption of independence between observations, which is unrealistic given the fact that respondents are directly linked through the network. Thus, we verified the statistical significance of the network proportion variables by conducting corresponding permutation tests. Each permutation or "random" network involved retaining the original network structure but randomly relocating respondents (who retained all of their original nonnetwork characteristics) throughout the network (Fig. 1D ). This process represents the null hypothesis that one's own HIV serostatus (or any other characteristic) is unrelated to that of the individuals in one's egocentric network. Five hundred permutations were performed to obtain an estimate of the permutation distribution for the odds ratio, and the observed odds ratio was evaluated relative to this distribution, yielding a 2-sided permutation P value.
In addition to the permutation tests, we also divided the network into 48 roughly equally sized clusters, each containing a contiguous subset of the network. The intention was to create clusters for which the within-cluster correlation exceeded the between-cluster correlation. We then used the clustered bootstrap to obtain estimates of the standard errors of the coefficients in the logistic models and compared these to the naive standard errors. 30 A second limitation of the logistic models is that the network proportion variable is subject to measurement error because it includes only a sample of the personal network. To address this limitation and characterize network proportions as continuous variables, we fit a generalized structural equation model (see Supplemental Digital Content, http://links.lww.com/QAI/A681).
Because of the significant proportion of individuals who were recruited by strangers (20.7%), we compared the full data set to a data set that excluded all connections with FIGURE 1. Personal network construction using respondent-driven sampling coupon referral scheme. Reference individuals are highlighted in red, and panels (A) first-degree, (B) second-degree, (C) third-degree, and (D) random network members are highlighted in green. In panel (A), individual e's first-degree network consists of network members directly connected to individual e: network member c (e's recruiter) and network members h, i, and j (the individuals recruited by e). In panel (B), the second-degree network consists of individuals 2 connections away from individual e. In panel (C), the third-degree network consists of individuals 3 connections away from individual e. In panel (D), a random network was generated by randomly assigning respondents to different locations within the original RDS referral recruitment structure. Individual e's position has shifted and new network members include individuals b, u, o, and x. strangers. Logistic regression models using the no-stranger data set were compared with results for the full network.
RESULTS
Respondent-Driven Network Generation
Eleven seeds generated a study sample of 1404 participants over 10 waves of recruitment. The last wave of recruitment yielded 374 individuals; as described above, these together with the seeds have been excluded from analyses presented here. Individual-level variables for the 1030 respondents in waves 2 through 9 can be found in Table S1 , Supplemental Digital Content, http://links.lww.com/QAI/A681. The HIV seroprevalence rate for this subsample was 21%. Respondents were predominantly unemployed (73.9%), Greek (84.0%), and male (85.8%). Mean age was 35.2 years (SD = 7.8). Homelessness in the past 12 months was reported by 36.0% of respondents.
A total of 1030 first-degree networks were generated from the referral contacts, 1 for each respondent in the sample. Network size ranged from 2 to 5. Table S2 , Supplemental Digital Content, http://links.lww.com/QAI/A681 characterizes network HIV seroprevalence, HFI, and US by RDS wave. With subsequent waves of recruitment, study participants' networks had less HIV and reported less HFI.
Network-Level Characteristics
Network-level variables for the 1030 networks can be found in Table S3 , Supplemental Digital Content, http://links.lww.com/QAI/A681. On average, the prevalence of HIV among study participant networks was 22.1%. HFI and US were reported on average by 44.8% and 48.2% of network members. Around 34% of the network members had never been tested for HIV before and 63.4% had received syringes from prevention programs in the past 30 days.
We evaluated the relationships between network-level variables and respondent HIV seroprevalence ( T1 Table 1 ). Respondent HIV seroprevalence was associated with greater proportions of network members who were HIV infected (ie, those with $50% of network members HIV positive vs. those with no network members HIV positive) (AOR: 3.11; 95% CI: 2.10 to 4.62), divided drugs (AOR: 1.60; 95% CI: 1.10 to 2.35), or injecting frequently (AOR: 1.50; 95% CI: 1.02 to 2.21). Moderate network proportions that had been in jail as well as sharing cookers/filters/water were also associated with respondent HIV seroprevalence. Size of RDS-generated network was not found to be a significantly associated with respondent HIV seroprevalence. Clustered bootstrap standard errors were very similar to the naive standard errors, yielding similar P values (Table S4 , Supplemental Digital Content, http://links.lww.com/QAI/A681).
In the second set of analyses, bivariate and multivariate regressions were used to assess the relationship between network variables and 2 respondent risk behaviors: HFI and US ( T2 Table 2 ). Having more network members experiencing homelessness was associated with HFI (AOR: 1.41; 95% CI: 1.03 to 1.93). HFI was also associated with having more network members who were HIV infected (AOR: 1.61; 95% CI: 1.14 to 2.28) and injecting frequently (AOR: 1.66; 95% CI: 1.23 to 2.26). US was associated with having more network members who were drug partners (AOR: 1.81; 95% CI: 1.03 to 3.17).
We also evaluated the association between more distal network member characteristics (second-and third-degree networks) and respondent HIV, HFI, and US ( F2 Fig. 2 ). The number of significant associations diminished as degree of separation increased, indicating that network influence likely diminishes over social space. ‡Individual-level covariates that had significant associations with HIV seroprevalence at the P , 0.1 level in the univariable analyses were included for all multivariate models: age, sex, homelessness, highest level of education, history of incarceration, getting condoms from an HIV prevention activity, getting syringes from an HIV prevention activity, getting condoms from an HIV prevention activity, ever being in drug treatment, using divided drugs with a syringe that has already been used, frequency of injection, drug injected most often, sharing cookers/water or filters, sharing syringes, using alcohol or drugs with last sex partner and having US.
§Clustered bootstrap model consisted of 48 roughly equal sized clusters sampled over approximately 1000 repetitions. kResults that reflect behavior in the past 12 months. Results of the permutation test for HIV serostatus are shown in Figure 2B . The observed odds ratio of 3.11 from the first-degree network model is located in the extreme tail of the permutation distribution, yielding an estimated P value of ,0.002 (1/500). Similar results were obtained for the other network variables that were statistically significant in the primary analysis.
The logistic regression models predicting HIV serostatus were rerun on a subset of network data that had ties with strangers removed ( T3 Table 3 ). All network variables that were significantly associated with individual HIV in the full data set were also significantly associated in the no-stranger data set. When strangers were removed from the data set, respondent HIV seroprevalence in the low-and high-network proportion groups remained the same as in the original model.
DISCUSSION
The results of this study support the importance of network characteristics in the emerging HIV outbreak among PWID in Athens, Greece. Greater network proportions of HIV-infected PWID were positively associated with respondent HIV serostatus. Network proportions of risk behaviors such as dividing drugs and HFI were also associated with respondent HIV serostatus. These findings were attenuated with increasing degrees of separation. Comparison of results with randomly generated permutation networks further demonstrated that the observed network proportion associations were significant. In RDS, recruitment must proceed through a sufficiently large number of waves before the sample reaches equilibrium, thereby overcoming any bias from the nonrandom choice of seeds. The progression of network proportions over subsequent recruitment waves likely represents this process.
The sexual risk behaviors examined in these analyses were not associated with respondent HIV seroprevalence. This is consistent with other reports suggesting that the emerging HIV epidemic among PWID in Athens is primarily driven by high-risk injecting behaviors, 13, 15, 19 rather than sex networks which, given our findings, seem to only play a limited role in HIV transmission at this stage of the epidemic. Other emerging epidemics have followed a similar pattern of early injection drug-driven transmission. 31, 32 In Athens, future interventions to prevent epidemics among other groups are warranted, however, given that 48% of men in Aristotle reported sex with non-PWID. 19 In addition, only 59% of men reported using condoms "always" or "usually."
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Considering the substantial proportion of respondents engaging in risky sex behaviors and reporting sex with non-PWID, the risk of increased future HIV spread through sexual networks will require additional intervention as the epidemic matures. Network interventions 33 that operate through sex networks may then become increasingly relevant.
Previous studies indicate that health behaviors and outcomes such as obesity and smoking may be influenced not only by immediate network members but also by secondand third-degree network members. [23] [24] [25] The observed network effects in Athens were particularly strong for the immediate (first degree) network and dropped off with increasing social distance. There were still some residual effects of second-and †Covariates for multivariate HFI models included individual-level HIV seroprevalence, age, sex, nationality, highest level of education, homelessness, history of incarceration, getting condoms from an HIV prevention activity, previously being tested for HIV, getting syringes from an HIV prevention activity, ever being in drug treatment, ever being in OST, using divided drugs with a syringe that has already been used, drug injected most often, sharing cookers/water or filters, sharing syringes, and multiple sex partners and having US.
‡Covariates for multivariate US model included individual-level HIV seroprevalence, age, sex, homelessness, highest level of education, ever being in drug treatment, using divided drugs with a syringe that has already been used, frequency of injection, drug injected most often, sharing cookers/water or filters, sharing syringes, exchange sex, using alcohol or drugs with last sex partner multiple sex partners.
third-degree networks members on respondent HIV serostatus, HFI, and US. These important primary network "effects" and more distal network effects support the diffusion of social behavior and HIV through networks and the potential impact that more distal network members might have on one's health, behavior, and circumstances.
The RDS networks used in this study likely include network members that exist in an individual's social network, risk network, or both. That is, the relationship with the recruit may be one of risk transmission (eg, sharing syringes) without social influence, social influence without risk transmission, or both social influence and risk transmission. Given the overlap that often occurs between social and risk PWID networks, studying their combined effect is likely important to fully understand network influences. To date, few analyses have explored the use of RDS recruitment for studying social or risk networks. 34 In 1 study of drug injectors in Australia, researchers linked respondent information with recruiter information to form dyads and found associations between dyad characteristics and sharing of injection equipment. 35 Another study used reported closeness to one's recruiter as a predictor of HIV and hepatitis C. 36 We are unaware of other published studies that have used RDS recruitment ties as a proxy for an individual's network beyond the dyad and that examined those networks for associations with HIV risk practices and HIV infection. This may be due to concerns about how well RDS-generated ties reflect the underlying social network. 37 In our sample, a minority of an individual's network on average was made up of "stranger" drug injectors. However, analyses with strangers removed yielded similar results to those using the entire network. This similarity is not surprising given the potential effects that network members who are not close but who are part of the social milieu may have on one's risk behavior. As others have suggested, 35 including other social network members not typically sampled in classic social network generation approaches 38 may be important as it includes strangers who may more closely resemble true social and risk networks and thus social norms. More research is needed to determine whether stranger status is assigned bidirectionally by 2 RDS linked individuals as well as the degree to which stranger networks play a role on influence and norms. Comparison of first-degree network findings with second-degree networks, third-degree networks, and 500 randomly generated networks. A, Network variables associated with individual-level HIV serostatus, high-frequency injecting, and US by first-, second-, and third-degree networks. B, Distribution of adjusted odds ratios d from 500 randomly generated e network permutations. *P , 0.05, **P , 0.01, ***P , 0.001. a Covariates for multivariate HIV models included age, sex, homelessness, highest level of education, history of incarceration, getting condoms from an HIV prevention activity, getting syringes from an HIV prevention activity, getting condoms from an HIV prevention activity, ever being in drug treatment, using divided drugs with a syringe that has already been used, frequency of injection, drug injected most often, sharing cookers/water or filters, sharing syringes, using alcohol or drugs with last sex partner, and having US. b Covariates for multivariate HFI models included age, sex, HIV seroprevalence, nationality, highest level of education, homelessness, history of incarceration, getting condoms from an HIV prevention activity, previously being tested for HIV, getting syringes from an HIV prevention activity, ever being in drug treatment, ever being in OST, using divided drugs with a syringe that has already been used, drug injected most often, sharing cookers/water or filters, sharing syringes, and multiple sex partners and having US. c Covariates for multivariate US model included HIV seroprevalence, age, sex, homelessness, highest level of education, ever being in drug treatment, using divided drugs with a syringe that has already been used, frequency of injection, drug injected most often, sharing cookers/water or filters, sharing syringes, exchange sex, using alcohol or drugs with last sex partner multiple sex partners. d Odds ratio of an individual having HIV if the proportion of their network having HIV is greater than half adjusted for age, sex, homelessness, highest level of education, history of incarceration, getting condoms from an HIV prevention activity, getting syringes from an HIV prevention activity, getting condoms from an HIV prevention activity, ever being in drug treatment, using divided drugs with a syringe that has already been used, frequency of injection, drug injected most often, sharing cookers/water or filters, sharing syringes, using alcohol or drugs with last sex partner and having US. e Random networks were generated by randomly assigning respondents to different locations within the original RDS referral recruitment structure. The odds ratio from the first-degree network model is notably outside the distribution of odds ratios from the randomly generated networks. This graph demonstrates that the significant association between the proportion of the immediate network that is HIV infected and the respondent being HIV infected is not likely because of random network effect.
Other analyses have associated this HIV outbreak with recent economic, social, and political instability in Greece, as well as the specific Greek austerity measures that were put in place to address the recession. 18, [39] [40] [41] Declines in various measures of population health have also been noted in other countries affected by the 2008 financial crisis. 42 Although these other countries have not experienced significant increases in HIV incidence as seen in Greece, historical examples of HIV outbreaks after political and economic unrest are present in the literature. 43 The recession has brought increasing levels of homelessness, which was the only sociodemographic characteristic associated with one of our risk outcome measures. This suggests an increase need for focus on homelessness at the network level.
Not enough is known about how risk and social networks function in response to socioeconomic crises. 43 These crises that may result in structural changes such as greatly increased homelessness could impact risk of HIV acquisition. 44 From 2009 to 2011, the estimated number of people experiencing homelessness rose 165%. 45 A recent analysis found homelessness to be the most significant factor associated with HIV seroprevalence in the Athens PWID epidemic. 19 In the current network analysis, we find that increased rates of homelessness in a respondent's network, a key effect of economic crises on marginalized populations, were associated with increased frequency of injecting, which in turn may increase the likelihood that someone else in the network acquires HIV. These findings suggest that focus on the role of housing as an HIV protective intervention at the network level may be needed where emerging HIV epidemics are occurring within larger socioeconomical disruptive contexts.
Unfortunately, our data do not permit an examination of direct causal pathways between network characteristics and homelessness in this emerging epidemic. It also remains unclear the directionality of infection within these networks. However, comparison of networks across localities and across time may elucidate how networks function in these types of outbreaks. This study may serve as a baseline for later studies in Greece as the economic situation changes or for future interventions that include provision of housing.
Large-scale structural factors such as financial crisis and increased homelessness are likely driving this HIV epidemic among PWID in Greece. As such, the response requires intervention at multiple levels. 3 At the highest level, interventions may include anti-austerity programs or restructuring of Greek debt. These types of system-level approaches are currently under discussion within the Greek political arena. The data from this analysis indicate that future public policies and programs should also include meso-level network interventions. Network interventions focus at the level of the network with intervention effects measured both at the network and at the individual levels. Many types of network interventions have been implemented and researched, such as identifying individuals within the network to disseminate information or interventions that stimulate peer-to-peer interaction and create cascades biobehavioral diffusion. 33 A network-level HIV prevention approach has recently started in Athens, Greece.
46 Multilevel approaches including system-level and 
